A simple, economical method is described for the radioimmunoassay of cortisol in serum. Extraction is avoided by heating the diluted serum to inactivate cortisol-binding globulin. The radioimmunoassay is carried out in a single disposable scintillation vial without centrifugation. Free and bound steroid is separated by partition between ammonium sulphate solution and liquid scintillation fluid. Accuracy, precision and sensitivity are satisfactory. Normal ranges obtained are comparable to those obtained by other radioimmunoassay methods for cortisol.
The determination of cortisol in serum or plasma is important in the assessment of adrenal function. Results may be required urgently, and therefore a simple method which is suitable for automation and which may be completed within a day is desirable. Radioimmunoassay offers an attractive possibility, especially if no extraction is required and if the separation of free and bound fractions may be performed by a robust method.
The radioimmunoassay techniques described by Abraham et al. (l972) , Vecsei et al. (l972) , Ruder et al. (l972) , Apter et al. (l975) , and Dash et al. (l975) require a preliminary extraction with an organic solvent to remove protein. Alternatively, protein which might interfere may be denatured by heat (Foster and Dunn, 1974; Donohue and Sgoutas, 1975; Kao et al., 1975) or by incubation at pH 3'5 (Rolleri et al., 1976) . The separation of free and bound fractions in these methods is usually by adsorption or precipitation techniques.
The objective of the present work was to provide a sim,le and rapid radioimmunoassay. The method developed employs heat denaturation and a partition method without centrifugation for the separation of free and bound fractions.
Materials

Radioimmunoassay buffer
Tris, 0'05 M, pH 8'0 (loo ml) in glass-distilled water was mixed with 0·1 g bovine serum albumin and 0·1 g bovine y-globulin (Sigma, London). 100 Ci/mmol (Radiochemical Centre, Amersham), was dissolved in ethanol (25 iJ-Ci/ml) and stored at 4°C.
Antiserum-[3H]-cortisol mixture Radioactive cortisol solution (0'1 ml containing 2'5iJ-Ci: 25 pmol cortisol) was evaporated to dryness and redissolved in 20 ml buffer. Antiserum was added to give the required dilution for the assay (usually 1:8000) and the mixture was allowed to stand at room temperature for at least 30 min before use.
Standard cortisol solution
Cortisol (Sigma, London) was dissolved in ethanol to give a 55 iJ-moI/l (20 mg/l) solution and stored at 4 cC. A dilute solution (l10 nmol/l) was freshly prepared by diluting 0·02 ml to 10 ml with buffer.
Ammonium sulphate
A saturated solution (5,6 M) was prepared at room temperature.
Scintillation fluid PPO (2,5-diphenyloxazole), 5 g, and dimethyl POPOP (I,4-di 2-(4-methyl)-5-phenyl oxazolyl)benzene), 0·5 g, were dissolved in 1 I toluene.
Assay tubes
Disposable plastic scintiIlation vials (15 x 55 mm) were obtained from Sterilin Ltd, Teddington, Middlesex.
Radioactive cortisol
Radioactive counting [l,2,6,7-3H] 
Ammonium sulphate/scintillation fluid partition of cortisol in the presence of antiserum
A mixture of (3H]-cortisol (125 nCi/ml) and antiserum (1 :8(00) in buffer was incubated for 30 min at room temperature and then 0·2 ml portions were dispensed into a series of scintillation vials. Unlabelled cortisol (2'2 pmol in 0·1 ml) was added and after a further 30 min incubation either water or ammonium sulphate solutions were a,ided to give a meter, model 3375, operating at 8°C was used. The counting efficiency for tritium was 51%.
Partition of cortisol between ammonium sulphate solutions and scintillation fluid
Solutions of pH]-eortisol in buffer were prepared containing between 0 and 3·0 M ammonium sulphate. The solutions (0'5 ml) were shaken with scintillation fluid (2 ml), and the radioactive counts were compared with those obtained from the same amount of pH]-eortisol (25 nCi) dissolved in scintillation fluid alone.
The amount of pHJ-cortisol extracted increased uniformly from 37% without ammonium sulphate to 84%at a 2 M concentration ( Fig. 1) . A further 7 % was extracted when the ammonium sulphate concentration was increased to 3 M. Thus there is satisfactory displacement of (3H]-eortisol from an aqueous solution (1 volume) into a toluene-based scintillation fluid (4 volumes) provided the concentration of ammonium sulphate is at least 2 M and a solubiliser is not required.
EXPERIMENTAL
Preparation of antibody
Cortisol 21-monosuccinate:bovine serum albumin was prepared by the method of Erlanger et al. (1957) . The conjugate was calculated by optical density measurements to contain 13 molecules of cortisol bound to each molecule of albumin.
Rabbits (New Zealand White) were immunised with 100P,gof the conjugate in saline emulsified with an equal volume of Freund's complete adjuvant by a slight modification of a multiple site intradermal technique described by Lynch and Shirley (1975) . A booster injection of 100P,gwas given intramuscularly one month later and a second booster of 200 p,g was again given at multiple intradermal sites after a further three months.
Antibodies to cortisol were detected within one month of the primary immunisation and a titre of 1:1200 was obtained. The intramuscular boost produced little change in the titre, which subsequently fell to a low level. Two weeks after the second boost at intradermal sites the titre rose to 1 :15 000. The main bleed of antiserum was collected four weeks afterwards when the titre was 1:22 000.
The average intrinsic association constant (Kn) calculated by the method of Pinckard and Weir (1973) was 1·5 x 10 9 I/mol. The antiserum was diluted 1 in 10 with buffer and stored in small portions at -20°e.
Methylene chloride (BDH, Poole, Dorset) The solvent used in extraction experiments was washed with water and redistilled. A curve was derived using the mean counts obtained from the duplicate standards, and the amount of cortisol in the serum samples was found by reference to this. 
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Results
Stability ofantiserum/scintillation fluid system
Scintillation vials were prepared containing between oand 11 pmol cortisol in 0·1 ml buffer. After incubation with cortisol-antiserum mixture, ammonium sulphate was added to give a final concentration of 2'8 M in each vial. Scintillation fluid was added, and radioactive counts were made after equilibration times of 1 h, 4'5 h, and 17 h in the counter.
There were mean increases in the counts of 1'2% (range -0'8% to +5'4%, n = 16) after 4'5 hand 6'9% (range -3'7% to +20'8%, n = 16) after 17 h compared with those obtained at 1 h.
The effect of different concentrations of ammonium sulphate on the stability of the system was examined and a lower concentration (2,24 M) was found to be more satisfactory. After 4'5 h there was a mean fall in the counts of less than 1% (range -3·3 % to + 2'7%, n = 16), and after 17 h there was a mean fall~f 1'5% (range -8'2% to +3'1%, n = 16) compared with the counts at 1 h.
A concentration of 2·24M ammonium sulphate was selected for subsequent work.
final concentration of between 0 and 2·8M ammoniurn sulphate in a total volume of 0'6 ml. Radioactivity was measured after each was shaken with 2 ml scintillation fluid.
The percentage of free [3H]-eortisol extracted in tubes with and without unlabelled cortisol is shown in Figure 2 .
The results indicate that ammonium sulphate may be used to separate free and antibody bound cortisol in a two-phase system. The highest concentration of ammonium sulphate examined (2'8 M) was the most efficient for this purpose.
RADIOIMMUNOASSAY (RIA) METHOD IN DETAIL
Serum samples (0'05 mI) were diluted with 1 ml water in disposable polystyrene tubes and incubated at 6Q°C for 30 min. After cooling to room temperature, duplicate 0'1 mI portions were transferred to plastic scintillation vials.
A series of standard solutions containing 110, 55, 27'5, 13'8, 6'9, 3'45, 0'69, and 0 nmol/l cortisol in buffer was prepared, and 0·1 ml portions were transferred in duplicate to a set of 16 scintillation vials.
Antiserum-PH'l-cortisol mixture (0'2 ml) was added to all the tubes and they were gently mixed before incubation at room temperature for 30 min.
Saturated ammonium sulphate (0'2 ml) and scintillation fluid (2 mI) were added and after plastic caps had been fitted to the vials they were shaken mechanically for 1 min.
One set of standards were loaded into the counter followed by the test samples. The duplicate set of STANDARD CURVE Standard curves were prepared on different occasions by three analysts working independently. The mean (± standard deviation) of five consecutive curves is shown in Fig. 3 where the radioactivity (counts per minute) extracted by the scintillant is plotted against the logarithm of the amount of cortisol present. The final antiserum dilution was 1 in 12 ()()() and the average total count, obtained from tubes containing buffer and ammonium sulphate but no antiserum, was 19 ()()() cpm. The mean percentage binding in the zero tube (Bo) was 79 %.
The lowest detectable dose in these interassay results based on 2 SD of the Bo values (Ekins and Newman, 1970) was 0'04 pmol, corresponding to 8 nmol/l in the assay.
SPECIFICITY
The specificity of the antiserum was examined by the method of Abraham (1969) , and the cross reactivities of various steroids are shown in Table 1 . Samples of serum were collected from subjects undergoing routine endocrine investigations. The samples (0'1 ml) were diluted with water (0'3 ml) before extraction with methylene chloride (2 rnl) as described in the competitive protein binding (CPB) method of Few and Cashmore (1971) . The extracts were evaporated to dryness and redissolved in buffer prior to RIA. The results were compared with those ACCURACY AND PRECISION In order to assess the accuracy of the method, different amounts of cortisol were added to a serum sample with a low level of endogenous cortisol. When 6'9, 13'8, 27'5, and 55·1 pmol cortisol were added to 0·05 ml serum the respective mean recoveries (± SD) were 6'5 (± 0'2) pmol, 13-3 (± 0'9) pmol, 29'0 (± 3'2) pmol, and 50'6 (± 4'0) pmol (n = 5 in each case).
To assess interassay variation, two serum samples were maintained at -15°C and assayed at intervals over a period of four months by two analysts working independently. The mean values (± SD) were 507 ( ± 31) nmol/l (n = 65) and 258 (± 15) nmol/I (n = 16). The coefficient of variation was 6'0% with both sets.
The results of duplicate assays carried out on 100 consecutive serum samples received routinely were used to assess the intra-assay variation. The results are shown in Table 2 .
Cross reaction (~~) COMPARISON WITH CPB ASSAY Serum samples were analysed by RIA and by the CPB method of Morris and Holder (1975) . The CPB method uses rabbit serum as a source of binding protein and Florisil to separate free and bound cortisol.
There was good correlation between the two sets of results (r = 0'938, P <0'001, n = 32). However the CPB method gave, with some exceptions, higher results than those by RIA. The range by CPB assay was 48 to 2000 nmol/I with a mean of 632 nmol/l, and by RIA the range was 74 to 1647 nmol/I with a mean of 551 nmol/1. obtained by the proposed method, which included the preliminary heat denaturation step instead of solvent extraction.
The values obtained ranged from 53 to 756 (mean 431) nrnol/l by heat denaturation and from 85 to 706 (mean 421) nmol/l by the extraction method. There was good correlation between the results of the two methods (r = 0'98, P <0'001, n = 22). The regression equation was: Heat denaturation value = (Extraction value x 1'05) -10'8.
SERUM CORTISOL CONCENTRATIONS IN NORMAL SUBJECTS AND IN PATIENTS WITH CUSHING'S SYNDROME
Blood samples were collected between 0800 and 0900 hours from 12 normal women and on each of two consecutive days from 21 normal men. The subjects were not restricted in any way with regard to their diet, work, or sleep patterns.
The range of serum cortisol concentrations in the female subjects was 249 to 565 nmol/l with a mean (± standard deviation) of 382 (± 112) nmol/1. The range in the male subjects on the first day was 276 to 617 nmol/l, mean 421 (±91) nmol/l, On the second day the range was 235 to 686 nmol/l, mean 429 (± 101) nrnol/l, There was a high correlation between the results in men over the two days (p < 0'001 in a paired t test). Serum cortisol levels at 2400 hours in eight normal subjects ranged from 30 to 167 nmol/l with a mean of 94 (± 42) nmol/I, In eight patients with suspected Cushing's syndrome the morning serum cortisol levels ranged from 329 to 786 nmol/l with a mean of 553 (± 154) nmol/l. Six of the values were within the range obtained from the normal subjects. The midnight levels in these patients ranged from 307 to 927 nmol/l, mean 516 (±2oo) nmol/l and were all outside the range in normal subjects. 
Discussion
The influence of the site of attachment of corticosteroids to bovine serum albumin on the specificity of the antisera produced has been examined by Nishina et al. (1974) . When cortisol was coupled at positions C(3), C(6,,), C(6A'), and C(21), none of the resulting antisera showed high specificity. Antiserum produced to cortisol-21-hemisuccinate:bovine serum albumin by Abraham et al. (1972) cross-reacted significantly with cortisone, ll-deoxycortisol, and corticosterone. Dash et al. (1975) used cortisol-3carboxymethyloxime:bovine serum albumin; the resulting antiserum cross-reacted with the same group of steroids. Both antisera, however, were considered suitable for use in the direct assay of cortisol for clinical use.
The antiserum used in the present work was raised against cortisol-21-hemisuccinate:bovine serum albumin, and it compared favourably with that used by Abraham et al. (1972) . Cortisone is a major crossreactant, but Srivasta et al. (1973) have shown that its concentration in serum is of the order of oneseventh that of cortisol. With the present antiserum this would represent a contribution of cortisone of approximately 4 %.
Although the cross-reactivities of l l-decxycortisol and 21-deoxycortisol are relatively small their contribution should be borne in mind in clinical situations where 11-or 21-hydroxylase deficiency is suspected. Prednisone and prednisolone would also be expected to cross-react in the serum of subjects receiving these synthetic analogues.
Thermal inactivation of cortisol binding globulin in diluted serum in place of solvent extraction has been used in CPB assays (Chambers et al., 1975; Keane et al., 1975; Morris and Holder, 1975) as well as in RIA methods for cortisol (Donohue and Sgoutas, 1975; Jiang et al., 1975; Carr et al., 1977) . The effectiveness of this method has again been demonstrated.
A separation technique in which radioactive steroid is partitioned between an ammonium sulphate solution and a toluene-based scintillant has been described by Edwards et al. (1975) . It is apparent that in the presence of antiserum the two-phase system is not a simple one: ammonium sulphate ensures extraction of the free steroid by the scintillant and also stabilises the antibody-steroid complex. With high concentrations of ammonium sulphate a rising radioactive count with time indicated that dissociation of the complex was taking place. A similar effect was shown by Edwards et al. (1975) when (3H]-aldosterone was used in a system of this type. In the present work concentrations of antiserum and ammonium sulphate were chosen so that R. Morris changes in the distribution of labelled steroid with time were minimal in the radioactive counter used. The order in which duplicate sets of scintillation vials were placed in the counter was arranged to take account of any small changes.
Preliminary work suggests that, with scintillation counters operating at lower temperatures, higher concentrations of ammonium sulphate may be used to give greater sensitivity with no loss in the stability of the system. The procedure is likely to be unsatisfactory, however, with counters operating at ambient temperatures.
The concentration of cortisol in serum is such that maximum sensitivity is not required in the assay. The conditions adopted were designed so that a reasonably wide range of values could be measured in a convenient working time.
The normal ranges obtained in the present work compare well with those obtained by other radioimmunoassay methods (Ruder et al., 1972; Dash et al., 1975) and are also in agreement with the normal ranges obtained by CPB (Morris and Holder, 1975) . However when a wider range of samples was examined and subjects receiving ACTH were included, the results obtained by RIA were approximately 80 % of those by CPB. Presumably this is accounted for by the greater specificity of the antiserum compared with the binding protein used in CPB. Abraham et al. (1972) and Jiang et al. (1975) have also reported the over-estimation of serum cortisol by CPB assay.
A concordance between cortisol levels on consecutive days in normal subjects was obtained. Similar results were noted by Cashmore et al. (1976) in a group of normal men.
The method requires two disposable tubes for each standard and test. With micro-pi petting equipment of good precision the complete assay, including the radioactive count, could be carried out in single disposable vials. Since the number of manipulations involved is small, good precision may be achieved.
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